Ultrafast laser excitation can trigger multiplex coherent dynamics in molecules. Here, we report attosecond transient absorption experiments addressing simultaneous probing of electronic and vibrational dynamics in a prototype molecule, deuterium bromide (DBr), following its strong-field ionization. Electronic and vibrational coherences in the ionic X 2 Π 3/2 and X 2 Π 1/2 states are characterized in the Br-3d core-level absorption spectra via quantum beats with 12.6-fs and 19.9-fs periodicities, respectively. Polarization scans reveal that the phase of the electronic quantum beats depends on the probe direction, experimentally showing that the coherent electronic motion corresponds to the oscillation of the hole density along the ionization-field direction. The vibrational quantum beats are found to maintain a relatively constant amplitude, whereas the electronic quantum beats exhibit a partial decrease in time. Quantum wave-packet simulations show that the decoherence effect from the vibrational motion is insignificant because of the parallel relation between the X 2 Π 3/2 and X 2 Π 1/2 potentials. A comparison between the DBr and HBr results suggests that rotation motion is responsible for the decoherence since it leads to initial alignment prepared by the strong-field ionization.
Ultrafast laser-matter interactions can create coherent superpositions of rotational, vibrational, or electronic states in molecules. Pure electronic motion in molecules driven by electronic coherence, which is termed charge migration [1] , can occur even before nuclear motions set in, and spectroscopic observations of such primary processes have been a central topic in attosecond science [2] [3] [4] . Potential implications of electronic coherence in photochemistry have been suggested, for example, in selective cleavage of chemical bonds in ionized peptides [5] and efficient charge transfer in light-harvesting antenna [6] . Theoretical studies have predicted that laser-based control of charge migration is attainable, enabling ultrafast manipulation of the chemical reactivity of photoexcited molecules [7] [8] [9] .
Previous attosecond experiments have successfully provided quantitative and angular-resolved information of coherent electronic dynamics in rare-gas atoms [10] [11] [12] [13] . There have also been reports on molecular systems [11, [14] [15] [16] [17] , but the basic questions of how molecular vibrations influence the manifestation of coherent electronic dynamics have yet to be addressed. Several factors need to be considered, such as the number of participating vibrational modes, relative time scales of electronic and vibrational motions, and displaced equilibrium geometries in various electronic states. Some theoreti- * ykoba@berkeley.edu † dneumark@berkeley.edu ‡ srl@berkeley.edu cal studies predict electronic coherences will survive relatively long (tens of femtoseconds) against vibrational motions [18] [19] [20] [21] , whereas others show that immediate decoherence will occur in just a few femtoseconds [22] [23] [24] . Experiments that present quantitative information of multiplex coherences along with a direct comparison to theories can clarify the fundamental mechanisms of electronic-vibrational dynamics in molecules.
Here, we investigate coherent electronic-vibrational dynamics launched in a prototype molecule, deuterium bromide (DBr), using attosecond transient absorption spectroscopy ( Fig. 1(a) ) [25] . In the experiment, a fewcycle near-infrared (NIR) pulse strong-field ionizes the molecule and initiates coherent electronic-vibrational dynamics. The attosecond transient absorption spectra at the Br-3d edge probe the ultrafast coherent dynamics with superb state and time resolution, revealing several quantum beats occurring at 0.1-0.3 eV frequencies. Electronic-structure calculations and wave-packet simulations are performed to construct theoretical corelevel absorption spectra, providing unambiguous confirmation of electronic and vibrational coherences in the ionic X 2 Π 3/2 and X 2 Π 1/2 states. When the polarization direction of the pump and probe pulses is changed from parallel to perpendicular, the phase of the electronic quantum beats shifts by π, thereby illustrating that the hole density is oscillating between the aligned and anti-aligned directions with respect to the ionization field. In both polarization measurements, the vibrational quantum beats maintain a relatively constant amplitude, whereas the electronic quantum beats exhibit a partial arXiv:2004.03905v1 [physics.chem-ph] 8 Apr 2020
decrease occurring on a hundred femtosecond time scale. Quantum wave-packet simulations show that vibrational motion is not responsible for the observed decrease of the electronic quantum beats, in line with the fact that the X 2 Π 3/2 and X 2 Π 1/2 potentials are nearly identical in their shapes at the Franck-Condon region. The loss of rotational alignment prepared by the strong-field ionization is suggested as a probable cause, supported by a mass effect found in a comparison between the DBr and HBr results.
Experiments are performed with a table-top attosecond transient absorption apparatus described in Ref. [13] . A carrier-envelope phase stable femtosecond titanium:sapphire laser system is operated at 790-nm center wavelength, 1.8-mJ pulse energy, and 1-kHz repetition rate. The laser output is focused into a neon-filled hollow-core fiber for spectral broadening, and a 4-fs NIR pulse is obtained after phase compensation by chirped mirrors and a 2-mm-thick ammonium dihydrogen phosphate plate [26] . Part of the NIR beam (100 µJ) is picked off by a broadband beam splitter to be used as the pump pulse for strong-field ionization, and the transmitted remainder (200 µJ) is used as a driving pulse for high-harmonic generation in argon to produce attosecond extreme-ultraviolet (XUV) pulses. The pump field intensity estimated from the focus size (90 µm diam.) is 5 × 10 14 W/cm 2 . Thin aluminum filters (200-nm thickness) remove residual NIR pulses after transient absorption and high-harmonic generation. The center photon energy of the XUV spectrum is tuned around 65 eV to address the Br-3d core-level absorption edge [27] [28] [29] , and the temporal duration of ∼ 200 as was characterized previously for similar XUV spectra with the streaking method [26] . A static gas cell (2-mm length) for transient absorption is filled with DBr at a pressure of 5 Torr. The 99-% DBr sample was purchased from Sigma-Aldrich and used without further purification.
We first review the potential energy curves of DBr ( Fig. 1(b) ). The potentials are calculated with the spin-orbit generalized multiconfigurational quasidegenerate perturbation theory (SO-GMC-QDPT) [30] [31] [32] [33] [34] Photon energy (eV)
Potential energy (eV)
Absorbance (arb. units) One of the strengths of core-level transient absorption spectroscopy is its state resolution [39] . Figure 2(a) shows the experimental time-resolved transient absorption spectra. The measurements are carried out from -10 to 260 fs delay time at intervals of 1.5 fs. The pump and probe pulses are parallel-polarized in these measurements. The ionization pump pulse arrives at t = 0, and the evolution of the ionic dynamics are probed toward positive delays. Rich oscillation patterns emerge in the entire spectral range, which signify multiple coherent dynamics induced by the strong-field ionization. A Fourier-transform (FT) analysis is performed along the delay axis to evaluate the beat frequencies, and the results are shown in Fig. 2(b) . In the wide negative depletion from 70 to 72 eV, where the 3d → σ * transition signals emerge [33] , two beat frequencies of 0.227 and 0.208 eV are observed. They correspond to the fundamental vibrational frequencies of the neutral X 1 Σ state (0.234 eV) [40] and the ionic X 2 Π states (0.209 eV) [37] , respectively. The neutral and ionic signals overlap because they both correspond to the 3d → σ * transition and have similar transition energies [33] . The weak absorption signals from 67 to 68 eV exhibit frequency components of 0.151 eV, and it matches the vibrational frequency of the DBr 2+ ground state (0.148 eV) [41, 42] .
Our focus is on the absorption signals of DBr + that emerge from 65 to 67 eV. Two beat frequencies are observed for the ionic signals, one at 0.208 eV and the other at 0.328 eV (Fig. 2(b) ). These values match the fundamental vibrational frequency of the X 2 Π states (0.209 eV) and their spin-orbit splitting (0.328 eV) [37] , respectively, thus indicating simultaneous vibrational and electronic coherences prepared and probed in the ionized molecule. In order to corroborate the assignments for the quantum beats, we simulated core-level absorption spectra of the coherent X 2 Π 3/2 and X 2 Π 1/2 states by numerically solving the time-dependent Schrödinger equation for the nuclear motion [36] . The probe step of core-to-valence transitions is a linear dipole transition, and it can be directly simulated by using the electronic-structure information obtained in the SO-GMC-QDPT calculations. The wave-packet simulations further allow one to study the effects of adiabatic vibrational motions on the manifestation of electronic coherence, as will be discussed later. Figure 3(a) and (b) show the simulated absorption spectra and the Fourier-transform analysis, respectively. The two frequency components at 0.217 and 0.327 eV match the experimentally resolved quantum beats, providing unambiguous confirmation of their origins as the vibrational and electronic coherences in the ionic X 2 Π states. The probing mechanisms of the vibrational and electronic coherences in attosecond transient absorption spectroscopy are illustrated in Figs. 3(c,d) . The vibrational motion translates to the peak shift in the core-level absorption signals [43] , and the electronic coherence induces constructive or destructive signal variation between the core-to-valence transitions [10] . The combined results of experiment and theory establish the powerful ability of attosecond transient absorption spectroscopy to resolve coherent molecular dynamics.
A comparison of the FT signal amplitude between the experimental and simulated spectra allows for estimating the degree of electronic coherence, which is defined as g = |ρ ij |/ |ρ ii ||ρ jj |. In the equation, ρ is the reduced density matrix of the ionic states, i and j are the state labels, and g is normalized such that 0 ≤ g ≤ 1 [44] . The estimated electronic coherence for the present results is g ≈ 0.1 [36]; as we will discuss later, vibrational and rotational motion can affect the manifestation of electronic coherence in the absorption spectra, and this value should be taken as a lower limit of the electronic coherence just after the strong-field ionization. The directionality of the coherent dynamics can further be extracted by changing the probe direction. Figure 4 shows a comparison between two measurements, in which the pump and probe pulses are polarized in parallel (blue) or perpendicular (yellow) directions with respect to each other. See Supplemental Material [36] for the full spectra of the perpendicular measurements. Absorption lineouts are taken at the photon energies representative for the observed quantum beats, either at the centers (electronic, Fig. 3(d) ) or edges (vibrational, Fig. 3(c) ) of the absorption peaks. Shown in Fig. 4 are the lineouts at (a) 70.15 eV for the neutral vibrational coherence, (b) 66.69 eV for the ionic electronic coherence, and (c) 65.96 eV for the ionic vibrational coherence.
The vibrational quantum beats exhibit the same oscillation patterns between the two polarization measurements (Figs. 4(a,c) ). This result is rationalized by the fact that the core-to-valence transition energy is invariant with respect to the probe direction. The electronic quantum beats, on the other hand, exhibit a clear variation with polarization ( Fig. 4(b) ). Least-squares fitting with a cosine function determines the oscillation phases to be 0.05 ± 0.04 π and 0.99 ± 0.12 π for the parallel and perpendicular cases, respectively. The out-of-phase (i.e. π phase difference) result qualitatively illustrates that the coherent hole density is switching between aligned and anti-aligned directions with respect to the ionization field. Furthermore, the zero initial phase for the parallel case (or π initial phase for the perpendicular case) represents that the hole density is most highly aligned along the ionization field direction when the ionization probability is maximized at t = 0. Lastly, we address the possible decoherence effects from the molecular vibrations and rotations. In Figs.  5(a-c) , the time evolution of the electronic and vibrational quantum beats is analyzed by taking time-window Fourier transformations of the absorption spectra. A super-Gaussian function of a 67-fs width was used as a window function, and the FT signals were integrated over the spectral region of the ionic signals (64.95 to 66.88 eV). Figure 5(d) summarizes the results, showing the integrated and normalized sum of the FT signals for the electronic (orange curves) and vibrational (blue curves) quantum beats.
In the experimental results (Figs. 5(a,b) ), the vibrational quantum beats maintain a relatively constant amplitude, whereas the amplitude of the electronic quan- Comparison between the parallel-polarization results (blue, Fig. 2(a) ) and the perpendicular-polarization results (yellow, Fig. S3(a) tum beats decreases notably by 100-150 fs. In the simulated results (Fig. 5(c) ), however, the electronic quantum beats maintain a constant amplitude throughout the simulated delay time. Note that the quantum wave-packet simulations fully take into account the adiabatic vibrational motions. The contrasting result shows that the vibrational motion is not responsible for the observed decrease in the electronic quantum beats. This is explained by the fact that the X 2 Π 3/2 and X 2 Π 1/2 states share similar potential shapes, with their harmonic frequencies differing only by 5.7 cm −1 (1735.5 vs 1729.8 cm −1 ) [37] , and the spatial overlap or the relative phase between the two wave packets is hardly disturbed by the vibrational motion within the measured delay time [23] .
The observed partial decrease in the electronic quantum beats is reminiscent of the time evolution of molecular alignment prepared by laser excitation at time zero [45] [46] [47] . Qualitatively, the hole density can be viewed as initially oscillating between the aligned and anti-aligned directions along the ionization field direction, as revealed in the comparison between the parallel and perpendicular measurements (Fig. 4(b) ). When the molecular alignment is lost, the hole dynamics will correspond to a breathing motion of spherical density, which will yield smaller absorption variation for the attosecond probe pulse.
An indirect signature of the rotational effects on the decrease of the electronic quantum beats is found in a comparison between the DBr and HBr measurements (Fig. 5(e) ). See Supplemental Material [36] for the full spectra of the HBr measurements. A technical issue with HBr is that the vibrational and electronic quantum beats have similar frequencies (0.291 and 0.328 eV, respectively) [37] , and here the absorption lineouts are taken at 66.7 eV, where only the electronic quantum beats are observed. The HBr result exhibits electronic quantum beats at the same frequency and phase as in the DBr result ( Fig. 5(e) ). The time scales of the decrease in the quantum beats are analyzed by fitting the experimental signals with a convolution of a cosine function and an exponential decay. The extracted time constants are τ 1/e = 177 ± 44 fs for DBr and 119 ± 24 fs for HBr, which yields a ratio of 1.5±0.5. Full quantum-mechanical treatments of electronic-vibrational-rotational dynamics are beyond the scope of this study, and here we provide a comparison to an anisotropy parameter r(t) [45, 48] (r(t) = 0.1 corresponds to an isotropic distribution), calculated for the Boltzmann distributions of DBr and HBr at room temperature assuming even distributions among the m J sublevels (Fig. 5(f) ). The calculated decay times, which are defined such that r(τ 1/e ) = r(0)/e, are 180 fs for DBr and 127 fs for HBr, and the predicted ratio is 1.42. The good match in time ratio between the DBr and HBr results supports that the rotational motion underlies the observed decrease in the electronic quantum beats.
Before concluding, we address two issues regarding the rotational dynamics. First, in recent experimental studies where core-level absorption spectroscopy was employed [49, 50] , the rotational motion manifested itself as variation in the absorption amplitude, while electronic quantum beats were unobserved in those experiments. In the present experiments, the average absorption amplitude was almost invariant throughout the measured delay time (Fig. 4) , and the effect of rotational motion was observed, instead, in the oscillation amplitude of the electronic quantum beats (Fig. 4(b) ). These results suggest that even if the hole density is isotropic when averaged in time, the hole-density motion driven by electronic coherence can be polarized and thus serves as a sensitive probe of rotational motion. Second, an unequivocal evidence of rotational motions would be the observation of alignment revivals [45, 47, 51, 52] . However, in our auxiliary measurements with HBr, no clear signature of the revival is observed [36] . Rotational wave packets are usually observed in the neutral ground state of a target molecule, whereas in the present experiments two ionic states and vibrational motions therein are excited along with the possible rotational motions. These additional complexities may prevent observing the revival features.
In summary, we presented experimental characterization of coherent electronic-vibrational dynamics of DBr + . The electronic quantum beats are revealed to be unperturbed by the vibrational motion. This result highlights the importance of inspecting potential differences along the vibrational coordinates, which determine to what extent the spatial overlap and/or the phase relation between the wave packets can be disturbed by the vibrational motions [23] . The degree of the electronic coherence in DBr + is estimated to be g ≈ 0.1; in a previous strong-field ionization experiment on krypton atoms [10] , a much higher degree of electronic coherence (g ≈ 0.6) was recorded despite its larger coherence bandwidth (0.67 eV). This contrast shows that the natural spread of nuclear wave packets in molecules hampers the preparation of electronic coherences even for simple diatomic systems. The observed decrease in the electronic quantum beats is attributed to the loss of the initial molecular alignment prepared by the strong-field ionization. With the ongoing efforts to extend the attosecond spectrum to the waterwindow regime [53] , we foresee more applications will be made with attosecond transient absorption spectroscopy for coherent electronic-nuclear dynamics in polyatomic systems.
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